If there is such an intracellular oscillator mechanism, breaks down: deltaC expression in the PSM fails to oscillate, the spatially periodic pattern of expression of how might it work? Oscillations in biological systems are typically generated by negative feedback loops [12] .
marker genes in the maturing somite tissue is lost, and the physical pattern of somite segmentation becomes As explained in Figure 2 , the length of the delay in the feedback loop dictates the period of the oscillation. One grossly irregular. Morpholino knockdown of her1 by itself or her7 by itself produces similar but weaker effects might therefore hope to find at the heart of the oscillator some molecule that, with a delay, directly or indirectly [6, 8, 9]. Both genes are positively regulated by Notch signaling [8, 10], and, most importantly, they appear inhibits its own production or activation. The feedback loop should be intracellular, so that oscillation can occur to negatively regulate their own expression [6, 8]. The evidence for this negative autoregulation in the zebrafish even without any coordinated periodic prompting from neighboring cells, as it seems to do in Notch pathway comes mainly from studies of her1 and her7 mRNA expression in the her1 or her7 morpholino knockdown mutants in which the neighbors are in a random assortment of different phases. On the other hand, the oscillaexperiments. Although there is some debate about these experiments and there may be differences between her1 tors in neighboring cells must normally be capable to some extent of influencing one another via the Notch and her7 in the way they function in the anterior and posterior parts of the PSM [8, 15], the evidence for the pathway, so that when the pathway functions, synchrony is preserved. Thus, the central oscillating comcorresponding gene in the mouse is clear cut. Like her1 and her7, the mouse Hes7 gene, the ortholog of her1, ponent should be sensitive to signals from neighbors, delivered via the Notch pathway, so as to bring its own shows oscillating expression in the PSM and is necessary for regular somite segmentation; and studies with oscillation into step with theirs; and it should itself drive an oscillation of the signals for activation of Notch-for a lacZ knockin mutation, [18] ), and have even created artificial bacterial systems in which oscillations are generated by, for example, a ring of three genes, the protein product of each one regulating the transcription of the next [20] .
There is, however, a much simpler way to arrive at sustained oscillations, by taking more careful account of the delays involved in the synthesis of mRNA and protein ( Figure 3A) . The amount of regulatory protein p in the cell dictates the rate of initiation of transcription, but a significant time, T m , elapses between the initiation of transcription and the arrival of the mature mRNA molecule in the cytoplasm. Thus, the rate of increase in the number of mature mRNA molecules at any instant reflects the value of p at a time that is earlier by an amount T m . Likewise, there is a delay, T p , between the initiation of translation and the emergence of a complete functional protein molecule. The equations 1 are easily modified to take account of these delays:
where the time dependencies of the variables are now shown explicitly. Delay differential equations such as these cannot be solved analytically, but they are easily solved numerically for any given choice of parameters. Oscillations occur easily and robustly provided certain simple conditions are satisfied. In the discussion below, it will be assumed that tions, in this extreme, take the form of square waves: has a primary transcript of length 6005 nt, with 3 introns, and codes for a protein of 328 amino acids, we have the system flip-flops between two quasisteady states, and the period of oscillation is simply 2T, in accordance 10.2 Ͻ T mher1 Ͻ 31.5 min and T pher1 ≈ 2.8 min; for her7, which has a primary transcript of length 1280 nt, with 2 with the basic principles illustrated for a still simpler system in Figure 2 . There is just one additional condition introns, and codes for a protein of 204 amino acids, we have 5.9 Ͻ T mher7 Ͻ 20.1 min and T pher7 ≈ 1.7 min. Thus, that must be satisfied for oscillation to occur: the maximal rates of mRNA and protein synthesis must be high the estimated total delay T for her1 is between 13.0 and 34.3 min, and, for her7, it is between 7.6 and 21.8 min. enough to be capable of raising the protein concentration beyond the critical value, p 0 , at which the inhibition By inserting parameter values anywhere within these ranges in the equations 2 we obtain oscillations. Moreof mRNA synthesis starts to operate in earnest. Specifically, we require ak/bc Ͼ 2p 0 . over, it is easy to extend equations 2 to describe the case in which her1 and her7 are coordinately regulated As the lifetimes of the protein and mRNA become longer, so that they are no longer negligible in compariby a heterodimer of Her1 protein with Her7 protein; again, the system oscillates. If we assume that it takes son with the total delay T, the square-wave form of the oscillations becomes smoothened into something more 1 min to splice out each intron for her1 and her7, so that T mher1 ≈ 12 min and T mher7 ≈ 7.1 min, we get a computed like a sine wave (see Figures 2C and 3A) . 3G ), the noisy system still oscillates with the same mean period as the deterministic system, but with more random variation in the amplitude and shape of the individual peaks and in the spacing between them. Third, when protein synthesis is attenuated severely (Figure 3H) , to the point where the deterministic system shows only damped oscillation, the noisy system does not tend to a steady state, but shows persistent strong fluctuations in the level of mRNA. A large random fluctuation can initiate a damped train of oscillations; although these are noisy, they still show the standard periodicity. Thus, oscillation continues but is episodic, with periods of regularity and high amplitude separated by intervals of more random fluctuation. In fact, when k off is made smaller, intensifying stochastic effects, the behavior approximates still more closely to sustained oscillation. Far from disrupting oscillation, noise helps it to occur.
Conversely, the larger we make k off , the smaller the stochastic effects become, until for k off տ 10 min
Ϫ1
, the behavior approximates that of the deterministic system. Thus, according to the dissociation rate of the repressor protein from its DNA binding site, the same mutation may lead to oscillations that are simply damped, or to oscillations that continue with substantial amplitude but reduced regularity.
Zebrafish with mutations in the Notch pathway [5] or injected with anti-her1 or anti-her7 morpholinos ([8]
, and B. Aerne, personal communication) presumably correspond to the latter case, with oscillation continuing noisily. In these embryos, it is not surprising that synchrony between neighbors is lost: there is not only a defect in the production of proteins needed for cell-cell communication, but also an increased tendency for the cells to Her7. Figure 4A shows the proposed control scheme; while it is speculative in some respects, and has diffiprotein acting directly on the deltaC promoter, and that the mRNA and protein lifetimes are short for deltaC, as culty explaining some of the results of mRNA injection experiments [10] , it seems the simplest way to represent they are for her1 and her7, so that DeltaC protein levels will oscillate. [36] . Adding these contributions, we conclude that the total delay, T N , in the Notch signaling pathway could be anywhere from about 36 min up to a few hours. Given the rapidity of other events in the PSM cells, it is reasonable to assume the shorter value.
One might think that such a long delay in the cellto-cell signaling pathway would make it incapable of synchronizing the rapid oscillations of the individual cells. But again, intuition is a poor guide to the behavior of the system. Numerical modeling with the specified parameters shows that the two adjacent cells are in fact behavior of other genes in other tissues and organisms. They may also serve to emphasize that in studying these The model is simple, and there is little in it that is arbitrary. Nevertheless, while there is evidence for all biological feedback phenomena, intuition without the support of a little mathematics can be a treacherous the postulated ingredients, and these ingredients seem sufficient to explain the observations, they may not be guide. the whole story. We cannot, for example, exclude a role cover whether the her1/her7 feedback loop is truly the clock for somitogenesis.
